CD8 T Cell-Specific Downregulation of Histone Hyperacetylation and Gene Activation of the IL-4 Gene Locus by ROG, Repressor of GATA  by Omori, Miyuki et al.
Immunity, Vol. 19, 281–294, August, 2003, Copyright 2003 by Cell Press
CD8 T Cell-Specific Downregulation
of Histone Hyperacetylation and Gene Activation
of the IL-4 Gene Locus by ROG, Repressor of GATA
The unique cytokine production profiles of type 2 CD8
T cells suggest a distinct immunoregulatory role for
these cells. In fact, putative unique functions of Tc2 cells
in various immune responses and related diseases have
been demonstrated (Cerwenka et al., 1999; Fowler et
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vation of signal transducer and activator of transcription3 PRESTO Project
(STAT) 4 is required for Th1 cell differentiation, and IL-Japan Science and Technology Corporation (JST)
4-mediated STAT6 activation is crucial for Th2 cell differ-4 Laboratory for Immune Regulation
entiation (Abbas et al., 1996; Murphy et al., 2000; NelmsRIKEN Research Center for Allergy and Immunology
et al., 1999; O’Garra, 1998). In addition to cytokine-medi-Yokohama 230-0045
ated signals, activation of TCR-mediated signaling wasJapan
also indispensable for both Th1 and Th2 cell differentia-
tion (Constant and Bottomly, 1997). We reported that
efficient TCR-mediated activation of the p56lck, cal-Summary
cineurin, and Ras-ERK MAPK signaling cascade was
required for Th2 cell generation (Yamashita et al., 1998,Chromatin remodeling of type 2 cytokine gene loci
2000, 1999). Also, master transcription factors for Th1occurs during differentiation of naive CD4 and CD8
and Th2 cell differentiation appeared to be revealed,T cells into type 2 helper (Th2) and cytotoxic (Tc2)
i.e., GATA3 for Th2 and T-bet for Th1 (Lee et al., 2000;T cells. IL-4 production and histone hyperacetylation in
Ouyang et al., 1998; Szabo et al., 2000; Zhang et al.,IL-4-associated nucleosomes in developing Tc2 cells
1997; Zheng and Flavell, 1997).were significantly lower than those of Th2 cells; how-
Changes in the chromatin structure of the Th2 cyto-ever, cytokine production and histone hyperacetyla-
kine (IL-4/IL-5/IL-13) gene loci occur during Th2 celltion of IL-5 and IL-13 genes were equivalent. Devel-
differentiation (Agarwal and Rao, 1998; Rengarajan etoping Tc2 cells expressed lower GATA3 levels and
al., 2000). Hyperacetylation of histone H3 and H4 bydramatically increased levels of repressor of GATA
histone acetyl transferases (HATs) was suggested to be(ROG). A ROG response element in the IL-13 gene exon
associated with active chromatin (Strahl and Allis, 2000).4 displayed Tc2-specific binding of ROG, HDAC1, and
Recently, we and others reported that hyperacetylationHDAC2 and exhibited repression of IL-4 gene activa-
of histone H3 and H4 tails of nucleosomes associatedtion. Thus, ROG may confer CD8 T cell-specific repres-
with the Th2 cytokine gene loci occurred in developingsion of histone hyperacetylation and activation of the
Th2 cells but not in naive or developing Th1 cells (AvniIL-4 gene locus.
et al., 2002; Fields et al., 2002; Yamashita et al., 2002).
The Th2-specific hyperacetylation was STAT6 depen-Introduction
dent. We demonstrated an essential role for GATA3 in
the Th2-specific hyperacetylation (Yamashita et al.,
CD8 cytotoxic T cells (CTLs) secrete type 1 cytokines 2002). We also generated a precise map of the Th2-
after TCR stimulation (Fong and Mosmann, 1990). How- specific histone hyperacetylation within the type 2 cyto-
ever, in vitro TCR/CD3 stimulation of CD8 T cells in the kine gene loci, and identified a 71 bp conserved GATA3
presence of certain cytokines induced CD8 T cells to response element (CGRE) at 1.6 kbp upstream of the
produce type 2 cytokines (Kelso and Groves, 1997; Se- IL-13 locus exon 1. We proposed that the CGRE plays
der et al., 1992). The Tc1/Tc2 terminology was proposed a crucial role for GATA3-mediated targeting and down-
by T. Mosmann and colleagues (Sad et al., 1995) in stream spreading of core histone hyperacetylation
analogy to the Th1/Th2 subsets of CD4 T cells. Differ- within the IL-13 and IL-4 gene loci in developing CD4
ences in the profiles of type 2 cytokine production be- Th2 cells (Yamashita et al., 2002).
tween CD4 T cells and CD8 T cells have been noted. In the present study, we investigated the acetylation
Particularly, the amount of IL-4 produced by type 2 CD8 status of histones associated with type 2 cytokine gene
T cells was reported to be 100-fold less than that by loci in developing Tc2 cells. We found that limited pro-
type 2 CD4 T cells (Croft et al., 1994). However, a full duction of IL-4 in Tc2 cells is accompanied by decreased
explanation for the limited production of IL-4 in type 2 acetylation of the IL-4 gene locus. The induction of ROG,
CD8 T cells is not yet available. a repressor of GATA, was observed almost exclusively
in CD8 T cells. A conserved ROG response element
(cROGRE) located in the IL-13 gene exon 4 showed Tc2-*Correspondence: nakayama@med.m.chiba-u.ac.jp
5 These authors contributed equally to this work. specific binding of HDAC1 and HDAC2 as well as ROG,
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suggesting a repressive activity on histone hyperacety- in CD4 T cells and also in CD8 T cells was observed
(Figure 2A, right panels). Taken together, these resultslation. Thus, the limited IL-4 production in Tc2 cells
appears to be due, at least in part, to the CD8 T cell- suggest that CD8 T cells may possess an intrinsic defect
or have an inhibitory mechanism that may affect thespecific ROG-mediated repression of histone hyper-
acetylation and gene activation of the IL-4 locus. ability to produce high levels of IL-4. This appears to
be IL-4 specific, because other type 2 cytokines, such
as IL-13 and IL-5, are not affected.Results
Limited IL-4 Production in CD8 T Cells Is Not dueLimited IL-4 Production in CD8 T Cells that Develop
to the Delay of Cell Division during Differentiationunder Type 2-Skewed Culture Conditions
Since at least three to four cell divisions appear to beThe aim of this study was to clarify the molecular basis
required for the generation of IL-4-producing Th2 cellsgoverning chromatin remodeling and activation of the
(Bird et al., 1998), we examined the extent of cell divisiontype 2 cytokine gene loci in CD8 T cells. We first studied
of CD4 or CD8 T cells induced by anti-TCR treatment.the cytokine production profiles of CD8 T cells that were
CFSE-labeled CD4 or CD8 T cells were stimulated withdifferentiated under type 1- and type 2-skewed culture
anti-TCR mAb in the presence of IL-2, IL-4, and anti-conditions. Figure 1A shows the IFN/IL-4 profiles of
IFN, and 3 days later, intracellular IL-4 production wasCD4 and CD8 T cells from C57BL/6 and BALB/c mice.
determined. No significant delays in cell division wereIn type 1-skewed cultures, substantial numbers of IFN-
seen in CD8 T cell cultures, and in fact, slightly enhancedproducing cells were generated in both CD4 and CD8
levels were noted. In every subpopulation of developingT cells. In contrast, under type 2-skewed conditions,
Tc2 cells electronically gated by CFSE fluorescence in-the generation of IL-4-producing cells was significantly
tensity, the number of IL-4-producing cells was clearlylower in CD8 T cells. Also, in both C57BL/6 and BALB/c
lower as compared to developing Th2 cells. These re-cultures, considerable numbers of IFN-producing cells
sults suggest that the limited generation of IL-4-produc-were generated. The generation of IL-5-producing cells
ing CD8 T cells is not due to a difference in cell divisionwas similar between CD4 and CD8 T cells, and most of
between developing Th2 and Tc2 cells.the IL-5-producing CD8 T cells were distinct from the
IFN-producing cells that were generated under type
Retroviral Expression of an Active Form of Raf2-skewed conditions (data not shown).
and Calcineurin Does Not Enhance IL-4 ProductionConcurrently, the amount of cytokines produced by
in CD8 T Cells Cultured under Type 2 Conditionsin vitro differentiated C57BL/6 CD4 and CD8 T cells was
We reported that the Th2 cell differentiation was depen-assessed by ELISA (Figure 1B). As expected, under type
dent on the extent of activation of the TCR-induced Ras-2-skewed conditions, there was significantly reduced
ERK MAPK cascade and calcineurin (Yamashita et al.,IL-4 production in CD8 T cells as compared to CD4
2000, 1999). The levels of anti-TCR-induced Ca mobiliza-T cells. In sharp contrast, the levels of IL-13 and IL-5
tion and ERK-phosphorylation in freshly prepared CD4were nearly equivalent between CD8 T cells and CD4
and CD8 T cells were found to be similar (data notT cells. The production of IL-4, IL-13, and IL-5 in both
shown). Consequently, an active form of Raf (Raf-CAAX)CD4 and CD8 T cells was abrogated in STAT6-deficient
and also an active form of calcineurin (CN -CAM) weremice. IFN production in CD8 T cells cultured under
integrated in an IRES-GFP retroviral construct, andtype 2-skewed conditions was STAT6 independent. This
these were introduced into developing Th1, Th2, andis reminiscent of the IL-12-independent generation of
Tc2 cells. Then, the percentages of IL-4-producing cellsIFN-producing CD8 T cells that were reported pre-
in the GFP-positive infected cell population were deter-viously (Carter and Murphy, 1999). IL-2 levels were es-
mined (Figure 2C). In Th1 cultures, significant generationsentially low in CD8 T cell cultures. Transcriptional levels
(9%–15%) of IL-4-producing cells due to the expres-of IL-5, IL-13, and IL-4 were also examined by semiquan-
sion of Raf-CAAX and also of CN -CAM was observedtitative RT-PCR, and a significantly lower IL-4 transcrip-
as compared to control GFP-infected Th1 cells. In Th2tion, with equivalent IL-5 and IL-13 transcription, was
cultures, a further enhancement of the generation of IL-detected in CD8 T cells (Figure 1C). The limited IL-4
4-producing cells was seen in CN -CAM but not in Raf-production in CD8 T cells could not be rescued by culti-
CAAX infected cultures. IL-4/IFN double-producingvation under more potent type 2 conditions, such as
cells were observed in the CN -CAM-infected cultures.stimulation with anti-TCR mAb and anti-CD28 mAb
In contrast, in CD8 T cells, even those that develop under(Kubo et al., 1999), or PMA (0.1–0.3 ng/ml) plus iono-
the IL-4-containing type 2-skewed culture conditions,mycin (500 nM) (data not shown).
neither Raf-CAAX nor CN -CAM treatment resulted inIt has been recognized that IFN inhibits the produc-
the induction of IL-4-producing cells at the levels of CD4tion of IL-4 (Elser et al., 2002). CD8 T cells cultured under
T cells cultured under type 2-skewed conditions. Thus,type 2-skewed conditions contained considerably high
the difference in the CD8 T cells appeared to be due tonumbers of IFN-producing cells (Figures 1A and 1B).
downstream signaling or nuclear events.In order to exclude a possibility that IFN inhibited IL-4
production in CD8 T cells, IFN-deficient mice with
C57BL/6 background were used for the analysis. As Reduced Histone Hyperacetylation of the IL-4 Gene
Locus in CD8 T Cellsshown in Figure 2A, the generation of IL-4-producing
cells and also the amount of the IL-4 production were Consequently, we investigated the acetylation status of
histones associated with the IL-4, IL-5, and IL-13 genenot dramatically altered in the absence of IFN. Interest-
ingly, however, increased production of IL-5 and IL-13 loci in CD8 T cells cultured under type 2-skewed condi-
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Figure 1. Cytokine Production Profiles and Transcript Levels in CD4 and CD8 T Cells Differentiated under Type 1- and Type 2-Skewed
Conditions
(A) Freshly prepared splenic CD4 and CD8 T cells from C57BL/6 or BALB/c mice were cultured under type 1- and type 2-skewed conditions
for 5 days. Representative IFN/IL-4 profiles are shown. The numbers represent the percentages of cells in each quadrant. Four independent
experiments including sorted CD44low naive CD4 and CD8 T cells were done with similar results.
(B) C57BL/6 and STAT6-deficient T cells cultured as in (A) were restimulated with immobilized anti-TCR mAb for 24 hr, and the production
of IL-4, IL-13, IL-5, IFN, and IL-2 in the culture supernatant was measured by ELISA. Three independent experiments were done with similar
results.
(C) Total RNAs were prepared from the cultured cells as in (A). The levels of mRNA of IL-5, IL-13, IL-4, and -actin were determined by
semiquantitative RT-PCR analysis with 3-fold serial dilution of template cDNA. Three experiments were done with similar results.
tions. Chromatin immunoprecipitation (ChIP) assay was under the same type 2 conditions when compared to
CD4 T cells. However, hyperacetylation in IL-13, IL-5,performed using titered doses (3-fold serial dilution) of
DNA sample and an anti-acetylhistone H3 antibody. In and RAD50-associated nucleosomes was equivalent
between CD4 and CD8 T cells. In a previous report, weFigure 3A, the right panels show the relative intensity
of the band of type 2 CD8 T cells relative to type 2 CD4 described that intergenic transcript of IL-4-related gene
segments was detected in the developing Th2 cellsT cells. Acetylation levels of VA enhancer, IL-4 promoter,
and CNS1 were clearly lower in CD8 T cells cultured (Yamashita et al., 2002). The intergenic transcripts of
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Figure 2. Limited Generation of IL-4-Producing CD8 T Cells Was Not due to IFN Production, Difference in Cell Cycle, or Low-Level Activation
of TCR-Mediated Signaling
(A) Freshly prepared splenic CD4 or CD8 T cells from C57BL/6 or IFN-deficient mice with C57BL/6 background were cultured under type
2-skewed conditions for 5 days. Representative IFN/IL-4 profiles after 6 hr restimulation (left panel) and mean cytokine concentrations in
the culture supernatant after 24 hr restimulation are shown (right panel). The experiments were done twice and with similar results.
(B) CD4 or CD8 T cells were labeled with CFSE and stimulated under type 2-skewed conditions. After 2 day cultivation, cells were restimulated
and subjected to the intracellular staining with APC-conjugated anti-IL-4 mAb. The percentages of the cells gated representing numbers of
cell division (#0 to #7) in total cells and of IL-4-producing cells in each gate are shown in the right panels.
(C) Freshly prepared splenic CD4 or CD8 T cells were stimulated under the conditions as indicated and infected on day 2 with a retrovirus
encoding an active form of raf (Raf-CAAX) or an active form of calcineurin (CN -CAM) bicistronically with EGFP. Three days after infection,
the cells were restimulated, and intracellular IFN/IL-4 profiles of electronically gated GFP populations were determined. The GFP (control)
represents infection with an EGFP-containing retrovirus vector.
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CNS1 and VA enhancer were detected in type 2-cultured of STAT6, IL-4R, and T-bet were also examined and
no clear difference was detected (data not shown).CD4 T cells but not in type 2-cultured CD8 T cells (Fig-
ure 3B). The expression levels of GATA3 are known to be cru-
cial for the differentiation of Th2 cells (Lee et al., 2000;
Ouyang et al., 1998; Zhang et al., 1997; Zheng and Fla-Reduced Histone Hyperacetylation Was Detected
vell, 1997). Histone hyperacetylation of the IL-4, IL-13,from the 3 Portion of the IL-13 Gene Exon 4
and IL-5 gene loci in developing Th2 cells is also highlyto the End of IL-4 Genes
dependent on the expression levels of GATA3 (Yama-Next, a more precise analysis of the histone hyperacety-
shita et al., 2002). Furthermore, introduction of GATA3lation in developing Tc2 cells was performed. We pre-
in developing Th1 cells resulted in the induction of IL-pared a series of primer pairs that should amplify the
4-producing cells (Lee et al., 2000) and hyperacetylationDNA fragments between the RAD50 and IL-4 genes for
of the type 2 cytokine gene loci (Yamashita et al., 2002).use in ChIP assays. The actual patterns of each ChIP
Consequently, we introduced GATA3 in developing Tc2assay with anti-acetylhistone H3 antibody (Figure 3C,
cells using an IRES/GFP retrovirus gene introductionbottom panels) and the ratio of band intensities in Tc2
system, and assessed the generation of IL-4-producingand Th2 cells (Figure 3C, middle panel) with the 27 se-
cells (Figure 4B). Under the condition that resulted in thelected primer pairs are depicted. The level of acetylation
generation of considerable numbers of IL-4-producingwas decreased in Tc2 cells beginning in a downstream
cells (35%) in developing Th1 cells, the generation ofregion of the IL-13 gene exon 4 (from #15 and 16 primer
IL-4-producing cells in CD8 T cell cultures was increasedpair) and continuing to the end of IL-4 exon 4 (#26 and
significantly (from 4.61.3% to 9.20.5%) but reached27). Moreover, the acetylation status of histones associ-
at most 10%. The GATA3 introduction in CD8 T cellsated with the IL-13 gene as examined by ChIP assay
appeared to be functionally competent because thewith anti-acetylhistone H3 antibody (Figure 3D) indi-
generation of IFN-producing CD8 T cells was signifi-cated reduced levels of histone hyperacetylation in de-
cantly reduced by its introduction. Also, the protein ex-veloping Tc2 cells with the #14, f, g, and CNS1 primer
pression levels of GATA3 in Tc2 cells with pMx-IRES-pairs. The #14 fragment is located at a downstream
GFP-GATA3 infection were similar to those of Th2 cellsregion of the stop codon of the IL-13 gene exon 4. Similar
and Th1 cells infected with pMx-IRES-GFP-GATA3 (Fig-results were obtained with anti-acetylhistone H4 anti-
ure 4C). Histone hyperacetylation on IL-4-related genesbody (data not shown). These results indicate that his-
(VA enhancer, IL-4 promoter, and CNS1) was not in-tone hyperacetylation at downstream regions of the IL-
creased significantly by the GATA3 overexpression13 gene exon 4 was decreased in developing Tc2 cells
(data not shown). These results suggest that althoughand that the decreased levels prevailed to the end of
low-level expression of GATA3 in the CD8 lineage maythe IL-4 gene.
contribute to the limited generation of IL-4-producingMoreover, IL-4-positive/IFN-negative and IL-4-nega-
Tc2 cells, at least another component other than GATA3tive/IFN-negative cell populations were purified by cell
is involved in the decreased histone hyperacetylationsorting (purity95%) from in vitro cultured Tc2 and Th2
and IL-4 gene activation in CD8 T cells.cells, and the cells were subjected to ChIP assay. When
the two IL-4-positive populations were compared, the
acetylation levels were significantly lower in Tc2 cells Involvement of ROG in the Limited Generation
at the VA enhancer and IL-4 promoter region (Figure 3E). of IL-4-Producing Cells in CD8 T Cell Cultures
As we expected, no difference was observed at the In order to identify the critical molecules that could be
region of IL-13 intron1, CGRE, IL-5 promoter, and RAD50 involved in the decreased histone hyperacetylation and
promoter. It is also worth noting that we detected con- IL-4 gene activation in CD8 T cells, we performed a
siderable differences in the IL-4-negative populations subtraction analysis using developing Th2 cells and Tc2
from Th2 and Tc2 cultures. Taken together, these results cells. Several molecules, the expression of which was
are consistent with the idea that decreased histone found to be higher in Tc2 cells compared to Th2 cells,
hyperacetylation in the IL-4-related gene locus that re- were identified; e.g., a portion of the NKG7 gene was
flects accessibility of the IL-4 gene is linked to the limited detected 11 times, CD8 4 times, CD8 3 times, perforin
IL-4 production in Tc2 cells. 3 times, and ROG (repressor of GATA) 3 times. Also
detected at least twice were RNA helicase, PKC nu,
PP2a catalytic subunit , granzyme B, IL-10, TNF recep-Ectopic Expression of GATA3 in Tc2 Cells
Did Not Rescue the Limited Generation tor superfamily member 9 (4-1BB), and Tubulin specific
chaperone. Among these, we were interested in ROGof IL-4-Producing Cells
Various transcription factors are known to be critical for as a candidate molecule. ROG is a POZ/BTB domain
containing zinc finger protein family repressor, and itthe generation of IL-4-producing Th2 cells (Agarwal and
Rao, 1998; Ho and Glimcher, 2002). Therefore, we as- represses the GATA3-induced transactivation (Miaw et
al., 2000). As can be seen in Figure 5A, expression levelssessed the protein expression levels of GATA3, c-Maf,
NFAT1, and NFAT2 in developing Th2 and Tc2 cells of ROG mRNA were clearly higher in CD8 T cells regard-
less of type 1 or type 2 culture conditions. The expres-(Figure 4A). Among transcription factors tested, the ex-
pression levels of GATA3 were clearly reduced in devel- sion levels of GATA3 and T-bet mRNA that were exam-
ined as controls showed the expected patterns. Theoping Tc2 cells as compared to Th2 cells. The expres-
sion levels of NFAT1 appeared to be slightly elevated mRNA expression of ROG was very low in both naive
CD4 and CD8 T cells, but the levels increased andin Tc2 cells. On the other hand, no obvious difference
was detected in c-Maf or NFAT2. The expression levels reached at maximal levels 2 days after anti-TCR mAb
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Figure 3. Chromatin Remodeling of the IL-4-Related Gene Loci in Tc2 Cells
(A) Decreased histone hyperacetylation in the IL-4-related gene loci. C57BL/6 CD4 and CD8 T cells were cultured under type 1- or type
2-skewed conditions for 5 days. After overnight culture without stimulus, ChIP assays were performed. PCR was performed with 3-fold serial
dilution of template cDNA. Shown are the PCR product bands for each primer pair (left) and the Tc2/Th2 ratio of the band intensities (right).
Three independent experiments with different T cell preparations were done with similar results.
(B) Failure of detecting intergenic transcripts of CNS1 site and VA enhancer site. Intergenic transcripts of CNS1 and VA enhancer sites in the
indicated cells were determined by a semiquantitative RT-PCR analysis with 3-fold serial dilution of template cDNAs.
(C) Histone hyperacetylation within the IL-4 and IL-13 loci in Th2 and Tc2 cells. Shown are the PCR product bands for each primer pair
(bottom) and the Tc2/Th2 ratio of the band intensities (middle). Three independent experiments were performed with similar results.
(D) Decreased hyperacetylation in the downstream region of the IL-13 gene exon 4 in Tc2 cells. Schematic representation of the IL-13 gene
locus, and the locations of PCR primer pairs used in the ChIP assay are shown (upper panel). The amounts of input DNA from Th2 and Tc2
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the IL-13 gene exon 4, we found two ROG motifs (ROG#1
and ROG#2). The location of these motifs and their se-
quences are depicted in Figure 5C. The binding of ROG
protein to ROG#1 and ROG#2 DNA sequences was as-
sessed using a pull-down assay with Flag-tagged trans-
fected ROG protein and the synthesized 21 bp ROG#1
and ROG#2 DNA oligonucleotides, and subsequent anti-
Flag immunoblotting. A significant binding of ROG pro-
tein to ROG#1 oligonucleotides was detected; however,
the levels of binding to ROG#2 oligonucleotides were
marginal under our experimental conditions (Figure 5D).
Moreover, mutant DNA oligonucleotides of ROG#1 and
ROG#2 containing adenine mutations of critical nucleic
acids for ROG binding were used to confirm the binding
specificity. As expected, the binding of ROG protein to
ROG#1 oligonucleotides was abrogated in the mutant.
These results suggest that the ROG protein is able to
bind to ROG#1 sequence located in exon 4 of the IL-13
gene.
Concurrently, the binding of ROG, HDAC1, and
HDAC2 proteins to ROG#1 sequence was examined by
a pull-down assay using wild-type and mutant ROG#1
oligonucleotides, and subsequent immunoblotting with
anti-ROG, anti-HDAC1, and anti-HDAC2 antibodies. As
shown in Figure 5E, both ROG and HDACs (HDAC1 and
HDAC2) bound to wild-type but not to mutant ROG#1
oligonucleotides. The binding of HDAC1 and HDAC2 in
Th2 extracts was at the baseline level, although the total
amounts of HDAC1 and HDAC2 were equivalent. Since
the expression levels of ROG protein in Th2 cells were
very low, it appears that the binding of HDAC1 and
HDAC2 to ROG#1 oligonucleotides is dependent on the
expression of ROG protein. Furthermore, ChIP assaysFigure 4. Ectopic Expression of GATA3 in Developing Tc2 Cells Did
Not Induce Sufficient Generation of IL-4-Producing Cells were performed using anti-ROG, anti-HDAC1, and anti-
(A) The amounts of GATA3, c-Maf, NFAT1 (NFATc2), NFAT2 HDAC2 antibodies for immunoprecipitation and PCR
(NFATc1), and Tubulin- as a control in the developing Th2 and Tc2 primer pairs to amplify the ROG#1 site. As can be seen
cells were determined by immunoblotting with specific mAbs. The in Figure 5F, Tc2-specific amplification was detected,
lysates from 1  106 (left lane) and 0.3  106 (right lane) cells were
suggesting that the ROG#1 site bound to ROG, HDAC1,loaded per lane. The results are representative of three independent
and HDAC2 molecules in Tc2 cells. In addition, HDAC2experiments. Arbitrary densitometric units are depicted under each
molecules were coimmmunoprecipitated with anti-ROGband.
(B) Freshly prepared splenic CD4 or CD8 T cells were stimulated antibody in Tc2 cells, and the amount of HDAC2 in the
under the conditions as indicated and were infected on day 2 with precipitates was significantly higher in Tc2 cells com-
retrovirus encoding GATA3 bicistronically with EGFP (pMx-GATA3- pared to Th2 cells (Figure 5G).
IRES-GFP). Three days after the infection, the cells were restimu-
Consequently, we searched the ROG#1 sequence inlated, and intracellular IFN/IL-4 profiles of electronically gated
human and also canis and found that the ROG#1 site isGFP populations were determined.
evolutionally well conserved (data not shown). Thus, we(C) The GFP cells prepared as in (B) were sorted on day 5 by a
cell sorter, and the amount of GATA3 protein was determined by named this region “conserved ROG response element
immunoblotting. The lysates from 1  106 GFP cells were loaded (cROGRE).”
per lane.
The cROGRE Exhibits Repressor Activity
To determine whether the cROGRE plays a functionalstimulation (data not shown). The difference in the ex-
pression of ROG protein between Tc2 and Th2 cells was role in transcription, a single copy of 372 bp DNA frag-
ment spanning the cROGRE (cROGRE/372bp con-approximately 10-fold as assessed by immunoblotting
with newly established anti-ROG antibodies (Figure 5B). taining ROG#1 and ROG#2 sites) and a truncated 265 bp
DNA fragment missing the cROGRE (cROGRE/265bp)From a search of possible ROG binding motif around
for PCR reactions were confirmed to be similar by direct PCR. Three independent experiments were performed and similar results were
obtained. Shown are the PCR product bands for each primer pair (left) and the Tc2/Th2 ratio of the band intensities (right).
(E) Decreased histone H3 hyperacetylation in the IL-4-related gene locus in Tc2 cells. Developing Th2 and Tc2 cells were prepared as in (A).
After staining of intracellular IL-4 and IFN, IL-4-positive and IL-4-negative cells in IFN-negative fraction were sorted by flowcytometry to a
purity 95%. Shown are the PCR product bands for each primer pair (left) and the arbitrary band intensities (right). Two independent
experiments with different T cell preparations were done with similar results.
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Figure 5. A Conserved ROG Response Element (cROGRE) Located in the IL-13 Gene Exon 4 Binds to ROG, HDAC1, and HDAC2 In Vitro and
In Vivo
(A) mRNA levels of ROG, GATA3, T-bet, and -actin in the 5-day cultured developing Th2 and Tc2 cells were determined by semiquantitative
RT-PCR analysis. Shown are the PCR product bands. Arbitrary densitometric units are shown. Three independent experiments including
different culture times were done with similar results.
(B) ROG and Tubulin- protein in the developing Th2 and Tc2 cells prepared as in (A) were detected by immunoblotting. Three experiments
were done with similar results.
(C) The DNA sequence of ROG (Tzfp binding site, tbs) motif on Aile1, the first ROG motif existing in exon 4 of the IL-13 gene (ROG motif in IL-13
exon4-#1) and the second ROG motif in exon 4 of the IL-13 gene (ROG motif in IL-13 exon4-#2) are shown in the top, and the location of the
ROG#1 and ROG#2 sites in the IL-13 gene locus exon 4 is shown in the bottom. The asterisks represent critical nucleic acid residues for binding.
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were placed at the 5 end of the IL-4 promoter (	766) Discussion
in a luciferase reporter plasmid. To examine GATA3-
In the present study, we investigated the molecular basisindependent repressor function of ROG, GATA3-nonex-
that would explain the limited IL-4 production while leav-pressing, and ROG-expressing B cell lines, M12 was
ing IL-5 and IL-13 production intact in developing Tc2used for luciferase assay. Introduction of cROGRE/
cells. We found that limited production of IL-4 in Tc2372bp fragment resulted in significant repression of the
cells is accompanied by decreased histone hyperacety-transcriptional activity of the IL-4 promoter (2- to
lation of the IL-4 gene locus. We identified a conserved3-fold) (Figure 6A). The repressor activity of cROGRE/
ROG response element (cROGRE) in the IL-13 gene exon372bp fragment was significantly decreased by the dele-
4, corresponding to 3 border of hyperacetylated regiontion of the cROGRE. The repressor function of ROG on
in developing Tc2 cells. The cROGRE possesses signifi-GATA3-dependent transactivation was also tested by
cant binding ability to ROG, HDAC1, and HDAC2 mole-the addition of GATA3 transfection to M12 cells, and a
cules and exhibits repressor activity on the IL-4 pro-similar effect was observed (data not shown). These
moter. Thus, it is likely that recruitment of HDAC1 andresults suggest that the cROGRE is able to play a func-
HDAC2 to the cROGRE results in the inhibition of histonetional role in transcription of the IL-4 gene.
hyperacetylation of the downstream region of cROGREWe designed a set of experiments to address the
and contributes to the Tc2 cell-specific impairment inrepressive activity of ROG in the GATA3-dependent gen-
IL-4 gene activation.eration of IL-4-producing cells. CD4 T cells cultured
ROG is a POZ (BTB) domain-containing zinc fingerunder type 1-skewed conditions were infected with a
family repressor, and is highly homologous to anotherpMx-IRES retrovirus vector coexpressing ROG and GFP
POZ protein, PLZF (Miaw et al., 2000). Overexpressionon day 2. Cells were allowed to develop until day 5.
of ROG exhibited repression of GATA3-induced trans-Then, GFP-infected cells were purified by cell sorting
activation of the IL-4 and IL-5 promoters in M12 B cellto purity greater than 95%. After an additional 2 day
line and EL-4 T cell line (Miaw et al., 2000). As for aculture in the presence of IL-2, the cells were stimulated
mechanism, Miaw et al. suggested that ROG exerted itsagain with anti-TCR mAb under type 1-skewed condi-
repressor effect by preventing GATA3 from binding to
tions for 2 days, and on day 9 cells were infected with
DNA. In the present study, however, we studied CD8
pMx-IRES-CAR (human coxsackie/adenovirus recep-
T cells that show high-level ROG expression, and dem-
tor)-GATA3 or pMx-IRES-CAR control retrovirus. An-
onstrated that the cROGRE in the IL-13 exon 4 was
other 4 day culture under type 1-skewed conditions was able to bind to ROG and also HDAC1 and HDAC2. This
done to allow for the GATA3-dependent generation of IL- suggests a novel mechanism for ROG-mediated repres-
4-producing cells. Finally, CAR GATA3-infected cells sion. In fact, the treatment of developing Tc2 cells with
were electronically gated, and the levels of IL-4-produc- Tricostatin A significantly rescued IL-4 production (M.Y.
ing cells were compared between GFPlow (expressing and T.N., unpublished data). Several investigators re-
low levels of ROG) and GFPhigh (expressing high levels ported that certain POZ proteins, such as PLZF and
of ROG) populations. As shown in Figure 6B, left panels, Bcl-6, were able to recruit nuclear corepressor and
the generation of GATA3-dependent IL-4-producing HDAC (David et al., 1998; Dhordain et al., 1997). Also,
cells was significantly reduced by the ectopic expres- BTB domains are known to modify the chromatin struc-
sion of ROG. The expression levels of CAR on GFPhigh ture once bound to DNA (Igarashi et al., 1998). In the
cells (gate G2) were higher than those of GFPlow cells present study, the results clearly suggest that cROGRE
(gate G1), suggesting that the decreased IL-4 production is bound to ROG, HDAC1, and HDAC2 (Figures 5D–5F)
is not due to the limited expression of GATA3 (Figure in Tc2 cells. In addition, our results with polyclonal anti-
6B, bottom). No significant number of IL-4-producing ROG antibody suggest that there are significant direct
cells was detected in the absence of GATA3, suggesting associations between ROG and HDAC2 in Tc2 cells (Fig-
a GATA3 dependence for the differentiation (Figure 6B, ure 5G). Although the precise mechanisms underlying
right panels). These results suggest that GATA3-depen- the ROG-mediated repression are not well understood,
dent generation of IL-4-producing cells was suppressed recruitment of HDAC proteins and the resulting down-
regulation of histone hyperacetylation appear to be aby the expression of ROG.
(D) Cos 7 cells were transfected with a control pFLAG-CMV2 (Cont.) or pFLAG-CMV2-ROG (Flag-ROG), and nuclear extracts prepared 2 days
later. Biotinylated ROG#1WT, ROG#2WT, and ROG#1 and ROG#2 oligonucleotides with adenine mutations were absorbed by streptavidin-
agarose beads and then incubated with the nuclear extracts. Then the amounts of ROG protein in the precipitates were assessed by
immunoblotting with anti-Flag mAb. Total nuclear extracts (1  106 equivalent/lane) were also run as controls. Two independent experiments
were done with similar results.
(E) Developing Th2 and Tc2 cells were prepared as in (A), and nuclear extracts prepared. Biotinylated ROG#1WT and the ROG#1 mutant used
in (D) were used for precipitation. The amounts of ROG, HDAC1, and HDAC2 in the precipitates were assessed by immunoblotting with anti-
ROG antibody, anti-HDAC1, and anti-HDAC2 mAb, respectively. Two independent experiments were done with similar results.
(F) ChIP assay using normal rabbit IgG (Control Ig), anti-ROG, anti-HDAC1, and anti-HDAC2 antibodies, and a primer pair to amplify the ROG#1
site was done with developing Th2 and Tc2 cells. As a control, direct PCR products from input DNA are shown. The arbitrary densitometric
units relative to each Tc2 band (1.0) are depicted under each band. For control Ig, the units are expressed relative to intensity of the band
of ROG in Tc2.
(G) Th2 and Tc2 cells (1  107) were subjected to immunoprecipitation with anti-ROG antibody and following immunoblotting with anti-HDAC2
antibody. Total cell lysates (1  106 equivalent) were used for detecting whole HDAC2 molecules in Th2 and Tc2 cells.
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Figure 6. Repressive Function of cROGRE
(A) M12 B cells were transfected with 10 
g of the promoter reporter constructs, pGL2-IL-4p, pGL2-IL-4p-cROGRE/372bp, or pGL2-IL4p-
cROGRE/265bp. M12 B cells express ROG protein (Miaw et al., 2000) but not GATA3 protein (Yamashita et al., 2002). Luciferase assay was
done as described in the Experimental Procedures.
(B) Repressive activity of ROG in the GATA3-dependent generation of IL-4-producing cells. A pMx-IRES retrovirus vector coexpressing ROG
and GFP was used to infect CD4 T cells stimulated under type 1-skewed conditions on day 2. Cells were allowed to develop until day 5 in
the presence of IL-2, IL-12, and anti-IL-4 mAb. Then, the infected GFP cells were purified by cell sorting to a purity 95%. After an additional
2 day culture in the presence of IL-2, the cells were stimulated again with anti-TCR mAb under type 1-skewed conditions for 2 days. Then
(on day 9 after the start of the original culture) cells were infected again with pMx-IRES-CAR-GATA3 or control pMx-IRES-CAR retrovirus.
Another 4 day culture in the presence of IL-2, IL-12, and anti-IL-4 mAb allowed for GATA3-dependent generation of IL-4-producing cells.
Then, CAR GATA3-infected cells were electronically gated, and the levels of IL-4-producing cells were compared between GFPlow (expressing
low levels of ROG) and GFPhigh (expressing high levels of ROG) populations. The percentages of IL-4-producing cells are shown in each panel.
The expression profiles of CAR on the gated cells (G1 and G2) are also shown.
likely explanation for the repression at the cROGRE in 1997). A possible explanation for the poor GATA3 induc-
tion in developing Tc2 cells is that the high-level expres-the IL-13 gene exon 4 in developing Tc2 cells.
The limited generation of IL-4-producing Tc2 cells sion of ROG results in repression of GATA3 transcrip-
tion. It is also possible that direct binding of ROG tomay be partly due to low-level induction of GATA3 pro-
tein in CD8 T cells. Ectopic expression of GATA3 in GATA3 protein may reduce the transactivation activity
of GATA3 in the promoter region of the GATA3 gene.developing Tc2 cells did not restore the generation of
IL-4-producing cells sufficiently (Figures 4B and 4C), We have investigated the role of the Ras-ERK/MAPK
cascade and calcineurin activation in Th2 cell differenti-although some effects were observed. Thus, it is still
possible that low-level GATA3 induction contributes to ation (Yamashita et al., 2000, 1999). Using dominant-
negative H-ras transgenic mice and a specific inhibitorthe limited generation of IL-4-producing Tc2 cells, since
Th2 cell differentiation is known to be highly dependent of MAPKK (MEK) PD58906, we demonstrated that suc-
cessful Th2 cell differentiation and Th2-dependent air-on the expression levels of GATA3 (Zheng and Flavell,
Repression of Remodeling of IL-4 Gene Locus by ROG
291
Figure 7. A Schematic Representation of Possible Molecular Events Underlying Type 2-Specific Histone Hyperacetylation within the IL-13
and IL-4 Gene Loci in Developing Th2 and Tc2 Cells
Details are described in the Discussion.
way inflammation was dependent on the effectiveness gested again that the extent of activation of the Ras-
ERK/MAPK cascade determines the direction of type 1of the TCR-mediated activation of the Ras-ERK/MAPK
cascade (Shibata et al., 2002; Yamashita et al., 1999). and type 2 differentiation in either CD4 or CD8 T cells.
In fact, the levels of IL-5 production in Tc2 cells appearedAn active form of Raf caused the induction of significant
numbers of IL-4-producing cells in CD4 T cells under to be controlled by the strength of activation of the Ras-
ERK/MAPK cascade (M.Y. and T.N., unpublished data).type 1-skewed culture conditions (Figure 2C). This
would be a result of cooperative events with baseline Consistent with our previous results that suggest the
requirement of calcineurin activation for sufficient gen-levels of GATA3 induced under type 1-skewed condi-
tions. Also, the generation of IFN-producing cells was eration of Th2 cells (Yamashita et al., 2000), the active
form of calcineurin (CN -CAM) induced enhanced gen-decreased by introduction of an active form of Raf into
either developing Th1 or Tc2 cells. These results sug- eration of IL-4-producing cells in CD4 T cell cultures
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staining, FITC- or APC-conjugated anti-IFN- antibody (XMG1.2; BDunder either type 1 or type 2 condition (Figure 2C). How-
PharMingen) and PE- or APC-conjugated anti-IL-4 antibody (11B11;ever, both an active form of Raf (Raf-CAAX) and an
BD PharMingen) were used. To detect infected cells with a retrovi-active form of calcineurin (CN -CAM) did not induce
rus-CAR (human coxsackie/adenovirus receptor) construct, biotin-
sufficient levels of IL-4-producing cells in developing ylated anti-CAR antibody (RmcB) (Wan et al., 2000) and Cy5-conju-
Tc2 cells under our experimental conditions. These re- gated avidin were used. Flow cytometry analysis was performed
on FACScalibur (Becton Dickinson), and results were analyzed bysults are consistent with the critical role of ROG-medi-
CELLQUEST software (Becton Dickinson).ated repression of histone hyperacetylation of the IL-4-
related gene loci in developing Tc2 cells.
Cell Cultures and In Vitro T Cell DifferentiationA schematic representation of possible molecular
Splenic CD4 and CD8 T cells were stained with anti-CD4-FITC andevents underlying GATA3-dependent hyperacetylation
anti-CD8-FITC and then purified using anti-FITC magnetic beads
within the IL-13 and IL-4 gene loci in developing Th2 (Miltenyi Biotec) and an Auto-MACS sorter (Miltenyi Biotec), yielding
and Tc2 cells is shown in Figure 7. In developing Th2 purity of 98%. In some experiments, naive CD4CD44low or
CD8CD44low T cells were sorted by FACSVantage (Becton Dickin-cells, a GATA3-dependent long-range histone hyper-
son) and used as responder T cells. Culture conditions for type-1acetylation spanning the IL-13 and IL-4 gene loci was
and type-2, intracellular cytokine staining with anti-IL-4 and anti-demonstrated (Yamashita et al., 2002). We identified a
IFN, and ELISA were described previously (Shibata et al., 2002;71 bp conserved GATA response element (CGRE) at 1.6
Yamashita et al., 2000). Where indicated, CD4 and CD8 T cells were
kbp upstream of the IL-13 locus corresponding with the labeled with CFSE (Carboxyfluorescein diacetate succinimidyl ester,
5 border of the Th2-specific histone hyperacetylation Molecular Probes) before cultivation as described previously (Ki-
mura et al., 2001).region. The CGRE was shown to bind GATA3 and also
p300 and RNA polymerase II, and thus we proposed a
RT-PCRcrucial role of the CGRE for GATA3-mediated targeting
Total RNA preparation, reverse transcription, and PCR reaction wereand downstream spreading of core histone hyperacety-
done as described previously (Yamashita et al., 2002). Three-foldlation within the IL-13 and IL-4 gene loci (Yamashita et
serial dilutions of template cDNA were done. The primers used are as
al., 2002). We also detected intergenic transcripts at follows: -actin forward, GAGAGGGAAATCGTGCGTGA-3; -actin
the region of Th2-specific histone hyperacetylation. It reverse, 5-ACATCTGCTGGAAGGTGGAC; IL-5 forward, GAAAGA
GACCTTGACACAGCTG-3; IL-5 reverse, 5-GAACTCTTGCAGGTAis most likely that histone hyperacetylation initiates at
ATCCAGG; IL-13 forward, AAACTGCAGCAAGACCGTGAGTCC-3;the CGRE site and spreads to a downstream region with
IL-13 reverse, 5- TGGCAGACAGGAGTGTTGCTCTGG; IL-4 forward,transcription. In developing Tc2 cells, the CGRE appears
CCTATCGATGAATCCAGCCAT-3; IL-4 reverse, 5-CATCGGCATTto be also important as evidenced by the fact that the
TTGAACGAGGTCA; CNS1 forward, TGATTTCTCGGCAGCCAGGGA
5 border of the Th2-specific hyperacetylation region is GGGCC-3; CNS1 reverse, 5-GGTGCCTGCGTCACCTCTGACCA
the same (Figure 3C, bottom panel). In addition to the CAC; VA enhancer forward, CTGCAGGAACTGTATGGAGGGTTC -3;
VA enhancer reverse, 5-ACTTCATTCTTCACGCCTAAGCAC; ROGGATA3/CGRE-dependent initiation of acetylation, CD8
forward, CTCTCTGGAGTCAGAATCAGCTGG-3; ROG reverse, 5-T cells seem to possess an additional regulatory mecha-
AGCGCTGAGGACAGAGGCTACAGG; GATA3 forward, GAAGGATCnism in the histone acetylation events. Activated CD8
CAGACCCGAAAC-3; GATA3 reverse, 5-ACCCATGGCGGTGACCAT cells but not CD4 T cells expressed a large amount
TGC; T-bet forward, ACCAGAACGCAGAGATCACTCAGC-3; and
of ROG protein (Figures 5B and 5E), and cROGRE was T-bet reverse, 5-TGTGGGCTTCATGCTCACAGCTCG.
able to associate with ROG, HDAC1, and HDAC2 mole-
cules in a Tc2 cell-specific manner (Figures 5D–5F). Retrovirus Vectors and Infection
PMx-IRES-GFP and Plat-E packaging cell line was kindly providedTaken together, it is probable that ROG molecules re-
by Dr. Toshio Kitamura (University of Tokyo, Japan). cDNA for ancruit a putative HDAC complex either directly or by in-
active form of Raf (Raf-CAAX) (Iritani et al., 1997), an active form ofteracting with another molecule and target it to the
calcineurin (CN -CAM) (Kubo et al., 1994), or human GATA3 wascROGRE resulting in the repression of histone hyper-
inserted into a multicloning site of pMx-IRES-GFP or pMx-IRES-
acetylation that is initiated at the upstream CGRE site. CAR. pMx-ROG-IRES-GFP was constructed by inserting the full-
This mechanism appears to be CD8 T cell specific and length ROG cDNA into a multicloning site of pMx-IRES-GFP. The
methods for the generation of virus supernatant and CD4 and CD8thus may confer limited production of IL-4 on CD8 T cells
T cell infection on day 2 were described previously (Kimura et al.,to exert distinct immunoregulatory roles from CD4 Th2
2001). After another 3 day culture, infected cells were harvested,cells by producing a different set of cytokines.
restimulated, and stained with PE-conjugated anti-IL-4 and APC-
conjugated anti-IFN.
Experimental Procedures
Chromatin Immunoprecipitation (ChIP) Assay
Mice The ChIP assay was performed using histone H3 ChIP assay kits
Young adult C57BL/6 and BALB/c mice (4–6 weeks old) were pur- (#17–245; Upstate Biotechnology) and specific primers as described
chased from Charles River Laboratories (Tokyo, Japan). STAT6- previously (Yamashita et al., 2002). For the ChIP assays for ROG,
deficient mice (Takeda et al., 1996) and IFN-deficient mice (Tagawa HDAC1, and HDAC2, a recently generated polyclonal anti-ROG anti-
et al., 1997) were kindly provided by Dr. Shizuo Akira (Osaka Univer- body, anti-HDAC1 antibody (sc-7872; Santa Cruz), and anti-HDAC2
sity, Japan) and Dr. Youichiro Iwakura (University of Tokyo, Japan). antibody (sc-7899; Santa Cruz) were used for precipitation. An anti-
All mice used in this study were maintained under pathogen-free ROG antibody was established in our laboratory by immunizing with
conditions. Animal care was in accordance with the guidelines of chemically synthesized, bovine thyroglobin-conjugated peptide
Chiba University. GLGSPGEKQKPEKDFRSN (amino acids 141–160) and TRASSSQG-
SPTSSAAT (amino acids 450–465) into rabbit. The antigen-specific
antibody purified through a peptide-conjugated column was used.Immunofluorescent Staining and Flow Cytometry Analysis
In general, one million cells were stained with antibodies as indicated In the experiment shown in Figure 3E, flowcytometry-sorted IL-4/
IFN	 and IL-4	/IFN	 populations (purity95%) of in vitro-culturedaccording to a standard method (Nakayama et al., 1990). The anti-
bodies used were as follows: anti-CD4-FITC and anti-CD8-FITC Th2 and Tc2 cells with cytoplasmic cytokine staining were used for
the ChIP assay.were purchased from BD PharMingen (La Jolla, CA). For intracellular
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Newly Prepared Primer Pairs Used in Figure 3D and Figure 5F of Education, Culture, Sports, Science and Technology (Japan)
(Grants-in-Aid for: Scientific Research, Priority Areas Researcha: forward, ACGTGGACCTCACAAAAGGAAACC; a: reverse, GGTTT
CCTTTTGTGAGGTCCAGGG; b: forward, GAGTAGACCGGTAG #13218016, #12051203; Scientific Research B # 14370107, Ad-
vanced and Innovational Research program in Life Science, andCAGGAGTCAC; b: reverse, CCTTAACTACAGTTCCTCATGCTG; c:
forward, CAGCATGAGGAACTGTAGTTAAGG; c: reverse, GATGG Special Coordination Funds), the Ministry of Health, Labor and Wel-
fare (Japan), the Program for Promotion of Fundamental Studies inGCATTCCACGTGTGCGTCCAGC; d: forward, GCTGGACGCACAC
GTGGAATGCCCATC; d: reverse, GAGGGTGCATCTTGACATCAC Health Science of the Organization for Pharmaceutical Safety and
Research (Japan), the Human Frontier Science Program ResearchTAC; e: forward, CTGGAGACCTGTGAAACGGCAGAG; e: reverse,
CAGCCTGCACTGCCTGCCTAGTGC; f: forward, GACAGCCAAAG Grant (RG00168/2000-M206), Hamaguchi Foundation and Uehara
Memorial Foundation.CAGGCAGGCCTAT; f: reverse, CAGTGGTTAGGAGCACTGACTGAG;
g: forward, CTCAGTCAGTGCTCCTAACCACTG; g: reverse, CCG
CCTAAATGCATGGCTCTTTCC; ROG#1 site forward, CTGGTTGCT Received: April 2, 2003
GCCGTGGCAGAC; ROG#1 site reverse, GGGGACATGGTTTGC Revised: May 14, 2003
TGCCTATGC. Accepted: June 4, 2003
Published: August 19, 2003
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